ABSTRACT We demonstrate a high-mobility and H 2 -anneal tolerant InGaSiO/InGaZnO/InGaSiO double heterochannel (DH) thin film transistor (TFT) for 3-D integration with Si CMOS-LSI applications. A novel oxide semiconductor material, InGaSiO (Si/In ratio > 0.47) was found to exhibit semiconductor property even after H 2 annealing at 380 • C, whereas a conventional InGaZnO layer changed into a metallic one. Moreover, the DH channel TFT was operated in an enhancement mode and achieved a high mobility of 30 cm 2 /Vs after the H 2 annealing. The proposed DH channel TFT has a potential as a high-performance back end of line transistor with Si-CMOS process compatibility.
I. INTRODUCTION
Recently, wide-bandgap oxide semiconductor (OS) TFTs have attracted attention as BEOL transistors for 3D integration with Si-CMOS LSI applications because of their unique characteristics, i.e., extremely low off-state current (<10 −22 A/µm), high breakdown voltage (V BD >40V) and low-temperature process (<400 • C). Consequently, the various applications, such as high voltage I/O switches and embedded memory, have been intensively investigated [1] - [5] . However, the thermal instability of OS materials caused by oxygen vacancy (V o ) formation during H 2 annealing [6] , [7] is an obstacle to integration with Si-CMOS LSIs. Moreover, typical OS channel InGaZnO shows low mobility (∼10 cm 2 /Vs), which limits the applications of OS TFTs by its relatively low current drive. Although higher mobility values have been reported for other OS materials [8] , [9] , the stability against the H 2 annealing is still not clear.
In this paper, a newly developed OS material, InGaSiO (Si/In ratio > 0.47) was found to show stable high resistivity (>1 × 10 10 /sq.) against H 2 annealing, and the InGaSiO TFTs showed an enhancement mode operation after the H 2 annealing at 380 • C. Furthermore, for the first time, we demonstrate the improvement of mobility up to 30 cm 2 /Vs and thermal stability against H 2 annealing, by sequentially stacking the novel InGaSiO bottom and top layers and an InGaZnO core layer to form DH channel structure. Figure 1 shows a concept of improvement of thermal stability against H 2 annealing by replacing Zn in InGaZnO to Si, resulting in the novel material, InGaSiO. This idea is based on a comparison of the dissociation energies of In-O, Ga-O, Zn-O and Si-O bonds as listed in Fig. 2(b) [10] , [11] . Since the Si-O bond exhibits much larger dissociation energy than that of the Zn-O bond, replacing Zn atoms to Si atoms are expected to suppress oxygen vacancy formation during H 2 annealing.
II. PROPOSAL OF NOVEL H 2 -ANNEAL TOLERANT OS MATERIAL

III. OPTIMIZATION OF SI COMPOSITION & EVALUATION OF H 2 -ANNEAL TOLERANCE
In order to proof our concept, we fabricated InGaSiO films having various Si fractions by co-sputtering with a polycrystalline InGaSiO target and a polycrystalline In 2 O 3 target at 2168-6734 c 2018 IEEE. Translations and content mining are permitted for academic research only.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. VOLUME 6, 2018 The band structure of InGaSiO and its composition dependence were evaluated through the conduction energy minimum (E c ) and valence energy maximum (E v ) evaluation by X-ray photoemission spectroscopy (XPS) and ultra-violet photoemission spectroscopy (UPS), respectively. Figure 3 shows a obtained Si/In ratio dependence of E c and E v , level. Although the E c and E v of InGaSiO with low Si fraction are comparable to that of InGaZnO, the bandgap energy of InGaSiO tends to increase with the increase of the Si/In ratio.
In order to evaluate H 2 -anneal tolerance, the deposited OS films on high impedance glass substrate were annealed for 1 hour at various temperatures in N 2 and mixed atmosphere of N 2 and H 2 (2%), then the sheet resistance values were evaluated by resistance meter. Fig. 4 (a) and (b) shows the Annealing temperature dependence of sheet resistance of InGaSiO and InGaZnO film after annealing in (a) N 2 and (b) H 2 annealing, respectively. Compared to N 2 annealing, the sheet resistance of OS films decreased at lower temperature in H 2 annealing. It is supposed that hydrogen atom accelerates oxygen vacancy formation in OS film due to its reducing property. As shown in Fig. 4(b) , the sheet resistance of InGaSiO (Si/In ratio > 0.47) maintained higher resistivity of more than 5 orders of magnitudes (>1 × 10 10 /sq.) after H 2 annealing at 320 • C and higher Figure 6 (a) and (b) shows TFT fabrication process and a TEM image of the fabricated OS TFT, respectively. A bottom-gated TFT is formed on a Si substrate. The gate electrode was MoTa. The thickness of the OS channel and the gate insulator was 25 nm and 40 nm, respectively. PE-CVD SiO 2 film was used for a gate insulator and an interlayer. OS channel were fabricated by sputtering at room temperature.
IV. TFT FABRICATION & EVALUATION OF H2-ANNEAL TOLERANCE
The maximum temperature throughout a TFT fabrication process was 350 • C. Fig. 4(b) , InGaZnO TFT kept an enhancement mode operation up to 360 • C. This indicates that an interlayer of SiO 2 in the TFT structure may suppress V o formation in InGaZnO channel by blocking oxygen outdiffusion from InGaZnO channel and improves the H 2 -anneal tolerance in some degree. However, as shown in Fig. 7 , only the InGaSiO TFT remained as enhancement mode while the InGaZnO TFT changed to depletion mode after the annealing at 380 • C. The better stability against the H 2 annealing of the InGaSiO TFT is consistent with the results in Fig. 4 . It is shown that higher Si fraction is effective to improve the tolerance to the H 2 annealing. However, I on is more degraded and the electron mobility for the InGaSiO TFT was estimated to be 0.14 cm 2 /Vs for Si/In ratio =0.47, which is only about 1% of the mobility for the InGaZnO TFT.
V. BREAKING THE TRADE-OFF BY INGASIO/INGAZNO/INGASIO DH TFTS
In order to improve both thermal stability and mobility, we examined a DH TFT composed of an InGaZnO core layer and thermally stable InGaSiO top/bottom barrier layers as shown in Fig. 9 . High H 2 -anneal tolerant InGaSiO encapsulates high-mobility OS layer and can suppress V o formation in high-mobility core layer by blocking oxygen diffusion. Additionally, the conduction band offset of the proposed DH structure was 0.7eV as shown in Fig. 3 and the band structure of the DH structure could be type-I quantum well. Since electrons are confined in the InGaZnO layer with higher mobility than the other, mobility improvement is expected by carrier 502 VOLUME 6, 2018 separation from the SiO 2 interface via the InGaSiO barrier layers. Figure 10 shows I d -V g characteristics of the InGaSiO/InGaZnO/InGaSiO (5nm/10nm/2nm) DH TFT after H 2 annealing at 380 • C. About two orders of magnitude higher I on was observed as expected than that of the InGaSiO TFT. Furthermore, the enhancement mode operation was maintained, suggesting that the InGaSiO barrier layers suppress dissociation of Zn-O bonds in the InGaZnO core layer via blocking oxygen diffusion out form the core layer. Figure 11 shows effective electron mobility in the InGaZnO TFT and the DH TFT extracted by split CV method (L/W = 50µm/50 µm). Almost 3 times higher mobility (∼30 cm 2 /Vs) than that of the InGaZnO TFT, was realized at N s = 2 × 10 12 cm −2 in the DH TFT.
To further understand the mechanism of mobility improvement, we compared the mobility characteristics of hetero channel TFTs. Figure 12 shows the comparison of the mobility characteristics among InGaSiO/InGaZnO/InGaSiO (5nm/10nm/2nm), InGaSiO/InGaZnO (10nm/10nm) and InGaZnO/InGaSiO (10nm/10nm) TFTs. The peak mobility of InGaZnO/InGaSiO TFT (top InGaSiO case) was about 2.5 cm 2 /Vs and comparable with that of the InGaZnO single layer TFT, which means that carrier transports mainly in InGaZnO layer. However, the InGaSiO/InGaZnO TFT (bottom InGaSiO case) exhibits low mobility (<0.8cm 2 /Vs) characteristics. These results indicates that when the bottom InGaSiO is relatively thick (10nm), carrier might transport both in InGaSiO (low mobility layer) and InGaZnO layer, which caused a mobility degradation as illustrated in Fig. 13(b) . On the other hand, in the DH TFT with the VOLUME 6, 2018 503 thin bottom InGaSiO layer (5nm), the carrier confinement in InGaZnO layer and the carrier separation from the SiO 2 interface were successfully realized as we expected, which resulted in the mobility improvement ( Fig. 13(c) ). Figure 14 shows a relationship between mobility (at N s = 2 × 10 12 cm −2 ) and H 2 -anneal tolerance (V th after H 2 annealing at 380 • C, L/W = 2µm/2µm). It is shown that the proposed InGaSiO/InGaZnO DH TFT achieved both of better tolerance (stable enhancement mode operation) and higher mobility than those of InGaZnO and InGaSiO single-layer TFTs.
VI. CONCLUSION
We have developed a high-performance OS TFT with excellent H 2 -anneal tolerance and high mobility for the first time. A newly developed OS material, InGaSiO (Si/In ratio > 0.47) was found to show high resistivity (>1 × 10 10 /sq.) after H 2 annealing at 380 • C. Enhancement mode operation was confirmed for the InGaSiO TFTs after the annealing. Novel DH TFTs composed of InGaSiO and InGaZnO layers were also examined and achieved both of enhancement mode operation and high mobility of 30 cm 2 /Vs even after H 2 annealing. These results indicate that the proposed DH TFTs have great potential to serve high-performance BEOL transistors for 3D-LSI applications. 
